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Drosophila Filamin encoded by the cheerio locus is a component
of ovarian ring canals
Nicholas S. Sokol* and Lynn Cooley†
Background: The ring canals in the ovary of the fruit fly Drosophila provide a
versatile system in which to study the assembly and regulation of membrane-
associated actin structures. Derived from arrested cleavage furrows, ring canals
allow direct communication between cells. The robust inner rim of filamentous
actin that attaches to the ring-canal plasma membrane contains cytoskeletal
proteins encoded by the hu-li-tao shao (hts) and kelch genes, and is regulated
by the Src64 and Tec29 tyrosine kinases. Female sterile cheerio mutants fail to
recruit actin to ring canals, disrupting the flow of cytoplasm to oocytes. 
Results: We have cloned cheerio and found that it encodes a member of the
Filamin/ABP-280 family of actin-binding proteins, known to bind transmembrane
proteins and crosslink actin filaments into parallel or orthogonal arrays.
Antibodies to Drosophila Filamin revealed that Filamin is an abundant ring-canal
protein and the first known component of both the outer and inner rims of the
ring canal. The cheerio gene also encodes a new Filamin isoform that lacks the
actin-binding domain.
Conclusions: Localization of Filamin to nascent ring canals is necessary for the
recruitment of actin filaments. We propose that Filamin links filamentous actin to
the plasma membrane of the ring canal. Although loss of Filamin in human cells
supports a role for Filamin in organizing orthogonal actin arrays at the cell
cortex, the cheerio mutant provides the first evidence that Filamin is required in
membrane-associated parallel actin bundles, such as those found in ring canals,
contractile rings and stress fibers.
Background
The interface between the plasma membrane and the
actin cytoskeleton controls cell shape and size, and
demarcates specialized membrane domains. Different cell
types contain distinct sets of proteins at this boundary to
facilitate specialized functions such as cellular attach-
ment, cell locomotion and cytoplasmic responses to exter-
nal stimuli. The intercellular bridges (ring canals) of
Drosophila egg chambers are a particularly striking
example of membrane-associated actin cytoskeletal struc-
tures [1,2]. Egg chambers contain 16 germline cells inter-
connected by ring canals; 15 of the cells are nurse cells
that transport nutrient-laden cytoplasm through ring
canals to the single growing oocyte. The actin scaffold of
the ring canal strengthens the canal plasmalemma, facili-
tating the flow of cytoplasm [1,3]. Ring canals grow as the
germline syncytium develops, reaching a final size of
10 µm in diameter. They comprise an electron-dense
outer rim and a proteinaceous inner rim [4,5]. Recently,
this inner rim has been identified as a loosely packed net
of interconnected actin bundles [3]. Morphologically
similar intercellular junctions are prevalent among animal
germline cells and have also been identified connecting
some somatic cell types [6]. 
Several molecular components of Drosophila ovarian ring
canals have been characterized, providing information
about the way filamentous actin (F-actin) is organized and
its growth controlled [7]. The 16 germline cells of each egg
chamber are sibling cells derived from a single precursor
by four mitotic divisions with incomplete cytokinesis. An
early indication of ring-canal assembly at these arrested
cleavage furrows is the thickening of the plasma mem-
brane, forming the outer rim [4]. The first known protein
recruited to ring canals is the glycoprotein D-mucin, which
localizes to the arrested cleavage furrows during the
mitotic divisions and persists there throughout oogenesis
([8,9]; and this study). During the final mitotic division, a
second protein (or proteins) that immunoreact(s) with anti-
phosphotyrosine antibodies can be detected on the outer
rim of ring canals [2]. One of these proteins might corre-
spond to the Tec29 kinase, a component of the outer rim
[10]. On completion of the four mitoses, F-actin accumu-
lates at ring canals simultaneously with a product of the hu-
li-tao shao (hts) gene, HtsRC [2]. Finally, the Kelch protein
localizes to the actin inner rim a few hours later [2,11].
Genetic experiments have delineated the roles of proteins
associated with the ring canal [7]. In hts mutants, the lack
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of HtsRC results in loss of ring-canal actin and the
absence of the inner rim as seen by electron microscopy
[2,12]. In kelch mutants, inner-rim actin filaments and
HtsRC become disorganized during growth and extend
into and partially obstruct the lumen of the canal [2,3].
Thus, HtsRC might be required to recruit F-actin whereas
Kelch is an F-actin organizer. Although egg chambers
mutant for tec29 produce ring canals about half the normal
diameter, they still contain actin, HtsRC and Kelch [10].
Tec29 localization is controlled by the tyrosine kinase,
Src64; in src64 mutants, Tec29 does not localize resulting
in a phenotype identical to the tec29 terminal phenotype
[13,14]. These kinases are required, therefore, to regulate
the growth but not recruitment of inner-rim actin and its
associated proteins.
The molecular mechanism for attaching actin to the outer
rim of the ring canal has remained a mystery. We have
been particularly interested in the cheerio (cher) ring-canal
mutant. In cher1 mutants, assembly of the actin-rich inner
rim is blocked; mucin and phosphotyrosine epitopes local-
ize to the arrested cleavage furrows, but F-actin, HtsRC
and Kelch do not ([15]; and this study). Here, we report
the cloning of cheerio and show that it encodes a Drosophila
member of the Filamin family of actin-binding proteins.
Filamins have been shown to associate with numerous
integral membrane proteins, to anchor F-actin to the
membrane as well as to crosslink actin filaments into par-
allel bundles [16]. We propose that Filamin serves to link
the ring-canal actin cytoskeleton to the plasma membrane. 
Results
The cheerio locus encodes Drosophila Filamin
Eight cheerio alleles were recovered from either a P-element
transformant line or a P-element-mediated mutagenesis
screen [15,17]. A ninth allele, chersko, was an ethyl methane
sulfonate (EMS)-induced mutation [18]. Although of
varying strengths, all the alleles mapped to the chromoso-
mal interval 89E4–E8 as delineated by the proximal break-
point of the non-complementing deficiency Df(3R)C4 and
the distal breakpoint of the non-complementing deficiency
Df(3R)P115 (Figure 1a). Although the allelic P-element
lines initially suggested that our gene cloning would be sig-
nificantly simplified, none of the P elements was inserted
in the cheerio locus as determined by chromosomal in situ
hybridization (data not shown). Furthermore, mobilization
of each P element did not revert the cheerio phenotype.
Other cases of apparent ‘hit-and-run’ events in P-element-
mediated mutagenesis screens have been reported [19].
Using an alternative strategy, the cheerio locus was
mapped by recombination to an approximately 30 kb
region using visible markers and restriction fragment
length polymorphisms (RFLPs; Figure 1a,b; see Materials
and methods section). Reverse northern analysis of a
cosmid spanning the region identified a DNA fragment
that encoded a transcript absent in cher1 mutant ovaries
(Figure 1c). This fragment was used to isolate clones from
two ovarian cDNA libraries. The largest cDNA isolated
was 3,178 bp (GenBank AF188361; transcript B in
Figure 2a) and contained a 5′ untranslated region (UTR),
a 3′ UTR and a predicted open reading frame (ORF) of
838 amino acids. The predicted protein was 54% identical
to the carboxy-terminal one-third of human Filamin 1,
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Figure 1
Molecular cloning of cheerio. (a) Genetic and cytological map of the
cheerio region on chromosome 3R. Gray boxes, deficiencies that did not
complement cheerio; white box, a complementing deficiency. The
chromosome drawing was adapted from [55]. The Fab7 and P(lacW)
markers used for recombination mapping are shown (see the Materials
and methods section). The letters A–F refer to chromosome intervals.
(b) Molecular map of overlapping phage P1 and cosmid clones that
encompass the cheerio region. Circled regions represent genomic DNA
used to screen for recombination events (see the Materials and methods
section). A single 30 kb cosmid spanning the cheerio locus was
restriction-mapped. (c) Reverse northern analysis of the 30 kb cosmid
digested with various restriction enzymes (B, BamHI; E, EcoRI; H,
HindIII) and probed with ovarian poly A+ RNA from wild-type (WT) or
cher1 mutant female flies. WT RNA detected a DNA fragment that was
not detected by cher1 RNA (arrow with asterisk). The location of this
fragment is shown in (b) as an asterisk. (d) Northern analysis of wild-type
(WT), cher1 and cher2 ovarian poly A+ RNA probed with the 7.5 kb
Filamin cDNA. Three transcripts of sizes 7.5, 5 and 3 kb were present in
the wild type. The 7.5 kb transcript was reduced twofold relative to the
loading control in cher1 ovaries, as determined by scanning densitometric
analysis. The blot was probed for rp49 mRNA as a loading control.
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a member of the Filamin/ABP280 family of actin-binding
proteins [20]. We designated the gene product Drosophila
Filamin 90, to reflect its calculated molecular weight
(Figure 2b). 
Searching the Berkeley Drosophila Genome Project
(BDGP) database with the sequence from the cDNA
revealed one clone (GH12209) corresponding to a 7,534 bp
cDNA, which we sequenced (GenBank AF188360; tran-
script A in Figure 2a). Conceptual translation of this cDNA
revealed a single uninterrupted ORF (designated
Drosophila Filamin 240 in Figure 2b) that was 46% identi-
cal to full-length human Filamin 1. Homology to the
amino termini of all cloned Filamins began just after the
first methionine at amino-acid position 132, and this
methionine is preceded by a translation start site [21], sug-
gesting that the 7,534 bp cDNA contained a complete
ORF. On northern blots, a probe made from the 7,534 bp
cDNA recognized three transcripts of 7.5, 5 and 3 kb
(Figure 1d). The 7.5 kb transcript was reduced twofold in
cher1 mutant ovaries. 
The three human Filamins (HFLN1,2 and 3) share high
protein sequence homology as well as the same domain
organization: an amino-terminal actin-binding domain fol-
lowed by 24 repeats, each of which is 96 amino acids and
folds into a β-sandwich structure [20,22,23]. Hinge regions
are located after repeats 15 and 23 with hinge I dividing
the protein into rod I (repeats 1–15) and rod II (repeats
16–23). Filamin functions as a dimer and the carboxy-ter-
minal region of HFLN1 has been shown to contain a
dimerization domain [20]. The region of highest similarity
between the Drosophila and human Filamins was in the
actin-binding domain, a region originally defined in
α-actinin but subsequently found in dystrophins, spectrins
and plakins [24]. Across this 240 amino-acid region,
Drosophila Filamin was 70% identical with HFLNs
(Figure 2b). The high level of conservation suggests that
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Figure 2
The cheerio locus encodes a Drosophila
member of the Filamin family of actin-binding
proteins. (a) Genomic organization of cheerio.
This locus produces at least two transcripts,
one long (A) and one short (B). RFLP 4
identifies the distal limit of the cheerio genetic
interval on the basis of RFLP analysis. Asterisk,
location of the DNA fragment from Figure 1c;
boxes, exons; lines, introns; Q1415sd, location
of the cherQ1415sd splice-donor mutation after
exon 14. (b) Domain organization of
Drosophila Filamin 240 and 90, and human
Filamin 1. The domains of human Filamin 1 are
shown together with the percentage identity to
Drosophila Filamin along the actin-binding
domain, rod 1 (repeats 1–15) and rod 2
(repeats 16–23) and over the entire protein.
The length is indicated to the right of each
protein. (c) Phylogenetic tree of α-actinin-type
actin-binding domains of various proteins.
Sequences used are described in the Materials
and methods section.
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this domain in Drosophila Filamin binds actin. Phyloge-
netic analysis of the actin-binding domain (Figure 2c)
placed Drosophila Filamin within the Filamin family, and
suggested that it was most similar to HFLN1, a protein
involved in membrane stability and cell migration [25].
Comparison of the cloned cDNAs with the genomic
sequence identified 17 exons spanning at least 23 kb
(Figure 2a). An internal promoter located within an intron
drives the expression of the smaller cheerio B transcript.
Five splice sites are conserved in the genes for Drosophila
Filamin and HFLN1, and cluster around hinge I and II
[26]. The domain organization of the Drosophila Filamin
240 protein was identical to other Filamins except that
rod I contained only 11 repeats (Figure 2b). The repeats
of rod II appeared more highly conserved than those of
rod I. Interestingly, the Drosophila Filamin 90 protein con-
tained just rod II, hinge II and the dimerization domain.
Although small variations because of alternative splicing of
the hinge I exon have been reported for HFLN2 and
HFLN3 [23], a truncated isoform lacking an actin-binding
domain and rod I is completely new. 
Additional evidence that cheerio encoded Drosophila Filamin
was obtained by sequencing the EMS-induced allele,
chersko. An AG→A mutation was found in the invariant
splice donor site of exon 14 (AG/GT→AG/AT). A stop
codon was present in the intron 6 bp from the splice site,
and translation of the mutant mRNA would result in a
truncated protein containing 2 amino acids encoded by
the intron. The mutation was after residue 1415 of
Filamin 240 and residue 43 of Filamin 90. We renamed
the chersko allele cherQ1415sd, referring to the position of the
mutation in Filamin 240 (Figure 2a); cheerio transcript
levels were not affected by the mutation (data not shown).
Drosophila Filamin 240 is an abundant ring-canal protein 
To investigate Filamin expression, antibodies were raised
against a fusion protein containing the last 810 Filamin
residues (Figure 3a). These antibodies recognized proteins
of approximately 240 and 90 kDa in western blots of wild-
type ovarian extracts (Figure 3b), which are likely to be
encoded by the cheerio A and cheerio B transcripts, respec-
tively. Drosophila Filamin 240 appeared to be germline spe-
cific in adult females as only the 90 kDa band was detected
in ovariectomized females. The 240 kDa band was specifi-
cally reduced or absent in cher2 and cher1 ovary extracts,
respectively. The antigen used to raise Filamin antibodies
contained only 15 amino acids of the truncated products of
the cherQ1415sd locus (Figure 3a); the antibodies were unable
to detect any protein band in cherQ1415sd mutants. 
In wild-type ovaries, Filamin antibodies stained ring
canals brightly throughout egg-chamber development
(Figure 4a–c). Weak staining was also apparent at nurse
cell plasma membranes in later stages (Figure 4b).
Filamin antibodies also stained intensely the follicular
epithelium at region 2a where follicle cells invaginate to
cover the germline cyst (Figures 4a,5a). Filamin expres-
sion remained in the follicle cell layer during the rest of
oogenesis and was also present in the muscle sheath sur-
rounding ovarioles (see Figure 4e,f). In stage 11 egg
chambers, Filamin continued to localize specifically to
ring canals after the abundant meshwork of actin fila-
ments formed in the nurse-cell cytoplasm (Figure 4c).
Filamin did not colocalize with cytoplasmic actin-filament
bundles, and the bundles were not affected in cheerio
mutants (Figure 4f,i). In cher1 mutant egg chambers,
Filamin was absent from the ring canals and follicle cells,
but there was residual expression in muscle sheath
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Figure 3
The 240 kDa Filamin isoform appears to be germline-specific in adult
females and is absent or reduced in cheerio ovary extracts.
(a) Schematic illustration of the filamin gene. The coding exons have
been compressed to highlight the organization of the two transcripts.
Antigen indicates the Filamin residues used to raise a fusion protein
for antibody generation. (b) Western blot analysis of wild-type and
cheerio mutant ovary and ovariectomized adult female extracts.
Equally loaded blots were probed with Filamin and Pangolin antisera,
the latter serving as a loading control. Protein molecular mass markers
are indicated in kDa. Bands of 240 and 90 kDa were detected in the
wild type, but the 240 kDa band was absent in cher1 ovary extracts.
The antibody did not recognize any protein in cherQ1415sd, confirming
the specificity of the antibody.
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(Figure 4d–f). Filamin antibodies did not recognize any
specific structure in cherQ1415sd mutants (Figure 4g–i). 
The western blot and tissue-staining data supported two
conclusions. First, as cher1 ovaries retained Filamin
expression only in the muscle sheath, and the 90 kDa
band was the only isoform detected in cher1 protein
extracts, we concluded that the muscle sheath protein is
Filamin 90. Furthermore, an allele lacking Filamin 90,
cherQ1415sd, had no muscle-sheath staining. Second, as folli-
cle-cell staining and ring-canal staining were lost in cher1,
and the 240 kDa protein was absent from cher1 extracts,
we concluded that Filamin 240 is present in wild-type fol-
licle cells and ring canals. The cheerio mutants provide evi-
dence that the 240 kDa isoform is required for ring-canal
assembly. The function of Filamin 240 in follicle cells
remains to be investigated. 
Filamin localization during ring-canal assembly
To further investigate Filamin ring-canal localization,
double labeling studies were done using antibodies to
other ring-canal proteins, as well as to the fusome, a mem-
branous organelle present in the germline during mitotic
divisions (Figure 5) [27]. D-mucin, which appeared on
nascent ring canals at the first mitotic division, clearly
appeared before Filamin (Figure 5a). Anti-phosphotyrosine
epitopes first recognized ring canals in late region 1 after
the third mitotic division and also appeared on ring canals
just before Filamin (data not shown). In addition, Filamin
clearly colocalized with HtsRC at region 2a (Figure 5c).
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Drosophila Filamin localizes to ring canals in wild-type but not in
cheerio mutant ovaries. Ovaries from (a–c) wild type, (d–f) cher1 and
(g–i) cherQ1415sd were stained with Drosophila Filamin antibodies
(red) and with either HtsF antibodies (green in panels a,b,d,e,g,h) to
identify follicle cells and fusomes, or with rhodamine-conjugated
phalloidin (green in panels c,f,i) to visualize F-actin. (a,d,g) The
anterior of an ovariole including the germarium. (b,e,h) Stage 8 egg
chamber. (c,f,i) Stage 11 egg chamber. In (a–c) the wild type, Filamin
antisera recognized germline ring canals and somatic follicle cells
beginning in the germarium. The muscle sheath surrounding
ovarioles was also intensely stained by Filamin antibodies in the wild
type (data not shown; muscle sheath removed in these samples) and
(e,f) cheerio mutants. (d–f) Germline and somatic follicular
expression was absent in cher1 mutant ovaries. (g,h,i) No filamin was
detected in cherQ1415sd mutant ovaries. The scale bar in (a)
represents 20 µm and applies to (a,b,d,e,g,h); the scale bar in (c)
represents 50 µm and applies to (c,f,i).
These data suggest that Filamin localized to ring canals at
the boundary between regions 1 and 2a. Co-staining with
Filamin and either HtsF or HtsRC antibodies allowed
visualization of Filamin at ring canals both before and after
follicle-cell migration around cysts, which occurs in region
2b (Figure 5b,c). Filamin therefore localized to ring canals
at the beginning of region 2a. Finally, the relationship
between Filamin and F-actin was examined. Double label-
ing revealed that F-actin always colocalized with Filamin
in the germline and somatic follicle cells but that they only
partially overlapped in the muscle sheath (Figure 5d). 
The requirements for Filamin localization to ring canals
were examined in mutants known to affect these struc-
tures. In src64 mutants, whose ring canals contain all
known cytoskeletal components but do not grow normally
[14], Filamin was recruited to ring canals and persisted
there (Figure 6a), suggesting that Src64 was not necessary
for Filamin localization. Filamin and HtsRC colocalized at
the inner rim in kelch mutants (Figure 6b), in which actin
and HtsRC have been shown to extend far into the lumen
of the ring canal [2,3]. This shows that Filamin is a compo-
nent of the inner rim of the ring canal. The assembly of the
inner and outer rims of the ring canal are genetically sepa-
rable: hts1 mutant ring canals do not recruit F-actin and do
not contain an inner rim [2,12]. Both Filamin and D-mucin
were present on hts1 mutant ring canals, suggesting that
HtsRC was not required for either Filamin or D-mucin
localization to ring canals and also that Filamin was a com-
ponent of the outer rim (Figure 6d). Interestingly, the
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Figure 6
Filamin is a component of both the inner and outer rims of the ring
canal. (a,b) Stage 8 egg chambers from (a) src64 and (b) kelch
mutants were co-stained with antibodies to Filamin (red) and HtsRC
(green). Filamin and HtsRC colocalized at the inner rim in kelch
mutants where actin is disorganized. (c,d) Stage 8 egg chambers from
(c) wild type and (d) hts1 mutants were co-stained with antibodies to
Filamin (red) and D-mucin (green). (c) In the wild type, Filamin
appeared closer to the lumen than D-mucin (arrowhead and inset),
whereas the two proteins were more closely localized in (d) hts1
mutant egg chambers (arrowheads and inset). The scale bar in (a)
represents 20 µm.
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Figure 5
The Filamin protein localizes to ring canals at
region 2a in the germarium. Wild-type egg
chambers were co-stained with Filamin
antibodies (red) and (a) D-mucin (green),
(b) HtsF (green), (c) HtsRC (green), or
(d) rhodamine-conjugated phalloidin to detect
actin (green). Yellow indicates colocalization
of both proteins. (a) Mucin localization
(arrowhead) preceded Filamin and was limited
to the outer region of the ring canal in
comparison with Filamin (arrows). (b) HtsF
antibodies recognized a region 2a fusome
passing through a Filamin-stained ring canal
(arrow and inset). (c) HtsRC antibodies
recognized a ring-canal-specific protein,
highlighting Filamin’s germline ring-canal-
specific staining as well as its localization at
region 2a (arrow). (d) Filamin antibodies and
F-actin almost completely colocalized in the
somatic follicular epithelium and germline ring
canals (arrow) but not in the muscle sheath.
Rhodamine–phalloidin and antibodies to
Filamin and phosphotyrosine specifically
recognized a somatic cap cell (arrowheads in
(b) and (d), and data not shown). The scale
bar in (a) represents 5 µm.   Current Biology   
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spatial relationship between D-mucin and Filamin at the
ring canal changed in wild-type compared with hts1 mutant
egg chambers. In the wild type, Filamin appeared closer to
the lumen than D-mucin (Figure 6c, arrowhead and inset)
whereas the two proteins were more closely localized in
hts1 mutant egg chambers (Figure 6d, arrowheads and
inset). Taken together, these data are consistent with
Filamin being a component of both the inner and outer
rims of the ring canal.
Discussion
We have presented evidence to show that cheerio encodes
a Drosophila member of the Filamin/ABP280 family: the
Filamin gene maps to the cheerio locus, Filamin transcripts
and protein are absent or reduced in cheerio mutants, a
splice-donor mutation was found in the only existing
cheerio EMS allele, and this mutation truncates Filamin. In
addition, Filamin antibodies recognized ring canals, the
cytoskeletal structures specifically affected in cheerio
mutants. The cheerio genomic locus is complex. There
were at least three transcripts, one encoding ‘full-length’
Filamin 240 and another encoding a truncated Filamin 90
isoform lacking the actin-binding domain and rod I. The
third transcript may encode a complementary truncated
protein containing only the actin-binding domain and
rod I (N.S.S. and L.C., unpublished observations). The
240 kDa isoform is likely to be the ring-canal protein
whereas the 90 kDa protein is expressed in the somatic
muscle sheath. Although a human homolog of Filamin 90
has not been detected, it is probably conserved; a search of
the C. elegans genome database revealed a Filamin gene
with an arrangement of ORFs similar to cheerio. The
expression of the Filamin 90 transcript is controled by a
promoter nested within an intron of the Filamin 240 gene.
As the use of internal promoters is relatively unusual, it is
interesting that the gene for another cytoskeletal protein,
dystrophin, also uses this strategy to encode shortened
proteins without actin-binding domains [28]. Interest-
ingly, Filamin 90 is not an essential protein in Drosophila
because the cherQ1415sd allele is viable.
Data describing the functional role of Filamin in vivo have
until now come exclusively from the genetics of HFLN1.
Cultured melanoma cell lines deficient in HFLN1 have
extensive cell surface blebbing, resulting from local insta-
bilities in the peripheral membrane [25]. The mutant cells
also display a global cytoskeletal disorganization, remain-
ing symmetric in shape, unable to support the formation
of lamellae, and lacking translocational motility. These
phenotypes can be rescued with an HFLN1 transgene.
The membrane instability indicated by cell blebbing
might be similar to the membrane instability in Drosophila
egg chambers mutant for cheerio [15]. Recently, it was
reported that spontaneous mutations in HFLN1 cause the
X-linked dominant human disorder periventricular hetero-
topia, which is characterized in part by the failure of
neurons to migrate into the developing cerebral cortex
[29]. Our finding that cheerio encodes a Drosophila Filamin
provides a new context in which to analyze the role of
Filamin in vivo. Indeed, in addition to ring-canal localiza-
tion, Drosophila Filamin is highly expressed in actively
migrating follicle cell epithelia.
The extensive biochemical analyses of Filamin in vitro
contribute enormously to the understanding of its func-
tion in vivo. Two important properties of Filamin are its
membrane association and actin-crosslinking capabilities.
Studies of unstimulated platelets have led to the conclu-
sion that Filamin is the link between the transmembrane
glycoprotein Ib–IX complex and the underlying actin
cytoskeleton [30,31]. Filamin interacts with numerous
other transmembrane proteins through various Filamin
repeats. These include the high-affinity immunoglobulin
G (IgG) receptor [32], β1 and β2 integrins [33,34], the
seven-pass presenilin receptor [35], the tissue factor
receptor [36] and the Drosophila Toll receptor [37]. A can-
didate for a binding partner of Drosophila Filamin at the
ring-canal membrane is the glycoprotein D-mucin [8].
Filamin was originally purified as an actin-binding protein
in motile cells and muscle that initiates the gelation of
actin filaments into orthogonal arrays [38,39]. The remark-
able resemblance between the orthogonal networks of
macrophage lamellae and the networks of Filamin/actin
gels generated in vitro is striking [40]. Interestingly, a dra-
matic switch occurs in the actin-binding activity of
Filamin as the Filamin to actin ratio is increased; at a 1:20
molar ratio of Filamin to actin, Filamin promotes the for-
mation of parallel bundles of actin filaments [41]. In vivo,
Filamin binds with a number of membrane-associated par-
allel F-actin structures including stress fibers [42], contrac-
tile rings [43,44] and the circumferential actin bundles of
retinal epithelium [45]. The organization of F-actin in
these structures is reminiscent of the loosely bundled fila-
ments in young Drosophila ring canals, and the cheerio
mutants provide the first evidence that Filamin is
required for the formation of parallel actin bundles in vivo.
Role of Filamin in ring canals 
The biochemical properties and the localization of
Filamin in germarial egg chambers suggest a mechanism
for Filamin function at ring canals. The simplest model
(Figure 7) is that Drosophila Filamin associates with the
plasma membrane of the ring canal and attaches the actin
scaffold to the membrane. In addition, in the inner rim,
Filamin contributes to forming parallel bundles of fila-
ments. Although Drosophila Filamin appears to be
recruited to ring canals at the same time as the inner rim
proteins HtsRC and F-actin, Filamin localization does not
require the presence of an inner rim. Filamin localizes to
hts1 mutant ring canals that have only an outer rim
(Figure 6d; [12]). Conversely, in cheerio mutants, D-mucin
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was localized normally to ring-canal membranes, suggest-
ing that Drosophila Filamin recruitment is downstream of
initial outer-rim assembly. Intriguingly, it has been
shown in hematopoietic cells that antibody capping of
transmembrane mucins can recruit F-actin to the mem-
brane, as well as increase the tyrosine phosphorylation of
the Syk, Lyn and Src kinases [46]. Tyrosine kinases are
known to be important for ring-canal growth. Neverthe-
less, even though human Filamin is a known phospho-
protein [47], the majority of its phosphorylation is on
serine residues [48]. We cannot predict, therefore,
whether Drosophila Filamin is regulated directly by the
ring-canal tyrosine kinases. 
Filamin association with young ring canals is not sufficient
to recruit and organize actin; Filamin is present in hts1
mutants but actin is absent (Figure 6d; [2]). This suggests
that at least one other actin-binding protein is required to
accumulate actin and form an inner rim, possibly acting
coordinately with Filamin. The HtsRC product of the hts
gene is a candidate for a co-recruiter (Figure 7). HtsRC
and actin appear at ring canals simultaneously, and actin
localization requires HtsRC [2] . Further indirect evi-
dence for actin binding by HtsRC comes from cher
mutants in which HtsRC is redirected to the actin-rich
nurse-cell plasma membrane [15]. Finally, preliminary
evidence suggests that HtsRC might bind F-actin in vitro
(N.S.S. and L.C., unpublished observations).
The hypothesis that Filamin serves as a linker between
membrane proteins and the actin cytoskeleton may be
oversimplified. Transfections of various Filamin and glyco-
protein Ib–IX complex constructs into the HFLN1-defi-
cient melanoma cell line show that rescue can be
accomplished with a HFLN1 construct lacking the dimer-
ization and glycoprotein Ib–IX binding domains [49].
Thus, Filamin might be important for a more general orga-
nization of the subcortical region, allowing appropriate
protein composition to be maintained. Indeed, Filamin
might act as a cytoskeletal scaffold as rod II has been
shown to bind a variety of other proteins including the
small GTPases RalA, Rac, Rho and Cdc42 [50], the Sek1
kinase [51] and the transmembrane protease furin [52].
Perhaps Filamin plays an instrumental role at the ring
canal by bringing together both structural and regulatory
components and acting as a platform for their interactions.
Further studies of Drosophila ovarian ring canals will con-
tinue to illuminate the role of Filamin at the interface
between the plasma membrane and the actin cytoskeleton.
Materials and methods
Fly strains
Flies were grown on standard media at 25°C. Canton S flies were used
as wild type. The mutant genotypes analyzed were kelchDE1,
src64∆17/ Df(3L)10H and hts1. Deficiency strains indicated in
Figure 1a that were used to remap the genetic location of cheerio from
the previously reported position [15] were obtained from the Blooming-
ton Drosophila stock center at Indiana University. 
Recombination mapping
Recombinants were generated between one parental chromosome
carrying Fab7, a dominant marker localized in the bithorax complex at
89E4, and a second parental chromosome carrying cher3 and a white+
P element, P(lacW) located at 90E. Fab7 P(lacW) recombinants
appeared at a frequency of 1.2%, placing these two markers 1.2 cM
apart. The cher3 mutation mapped to the proximal portion of the inter-
val, very near Fab7, as only 11 of the 170 Fab7 P(lacW) recombinants
carried the cher3 mutation. P1 and cosmid clones were isolated that
blanketed the region from 89E4 to 89E8. RFLPs distinguishing the two
parental chromosomes were identified by southern blot analysis of the
genomic DNA from flies homozygous for either parental chromosome
probed with fragments along the length of the contig of cosmid and P1
clones. Segregation of these RFLPs were scored in the 11 recombi-
nants. A single cosmid was found to span the cheerio locus on the
basis of RFLPs recognized by its terminal fragments; a fragment from
the cosmid’s proximal end recognized a RFLP representing the cher3
P(lacW) chromosome in 9 of 11 recombinants whereas a fragment
from the cosmid's distal end recognized a RFLP representing the cher3
P(lacW) chromosome in all 11 recombinants.
Nucleic-acid manipulations and sequence analysis
BDGP P1 clones spanning the 89E4–89E8 region were obtained from
the S. Artavanis-Tsakonas lab and cosmids were cloned out of the
cosPneo library from M. Champe. Reverse northern analysis using
polyA+-selected ovary RNA as a probe was performed according to
Mahajan-Miklos [53]. DNA and RNA gels were blotted by capillary
transfer to Hybond-N (Amersham) and ultraviolet cross-linked
(Stratalinker, Stratagene). Thirty-five cheerio cDNAs were isolated from
a 0–4 h embryo library [54] and the GM phage library (BDGP), and
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Figure 7
A model for the molecular organization of Drosophila ring canals.
A ring canal filled with cytoplasm and organelles is shown in cross-
section. Drosophila Filamin 240 (red lines) associates with both the
outer and inner rims of the ring canal. At the outer rim, Filamin,
transmembrane mucins (green lines) and phosphotyrosine epitopes
(blue circles) colocalize. In the inner rim, Filamin, HtsRc (orange
circles) and Kelch (yellow lines) function together to organize actin
filaments (black triangles) into parallel bundles, whereas the
phosphotyrosine epitopes might be involved in ring-canal growth. We
propose that Filamin links the ring-canal plasmalemma to the actin-rich
inner rim, and contributes to F-actin organization.
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GH12209 was purchased from Research Genetics. The 3,178 bp
cDNA was isolated from the Nick Brown library and is identical to the
expressed sequence tag (EST) clot 11365 reported by the BDGP
except for a 10 bp insertion in the 5′ UTR of the EST clot. A partial
cDNA clone was isolated from the GM phage library (BDGP) that may
correspond to the 5 kb transcript seen on northerns and encodes a
protein that ends after rod I. The cDNA clones were sequenced on
both strands (Keck DNA Sequencing facility, Yale University) by syn-
thesizing 20 specific primers (Keck DNA Sequencing Facility, and DNA
Synthesis Facility, Yale University). These primers were also used to
sequence surrounding genomic DNA and map intron–exon boundaries.
The genomic sequence of the cheerio locus currently consists of four
non-overlapping contigs as well as sequence from bacterial artificial
chromosomes (BACs) that the BDGP is sequencing. The Q1415sd
mutation in chersko was found by sequencing PCR products spanning
the length of the cheerio locus amplified from mutant genomic DNA.
Alignments of related sequences were carried out using ClustalW.
Phylogenetic analysis of aligned sequences was carried out using the
Dayhof matrix and ProtDist in PHYLIP3.572 (J. Felsenstein, University
of Washington, Seattle). NCBI Proteins database accession numbers
of related sequences used are: Drosophila α-actinin, P18091;
Drosophila kakapo, CAA09870; Drosophila β-spectrin, Q00963;
Drosophila βH-spectrin, A37792; human α-actinin 1, P12814; human
α-actinin 2, P35609; human α-actinin 3, Q08043; human α-actinin 4,
BAA24447; human dystrophin, P11532; human plectin, AAB05427;
human β-spectrin, 4507195; human utrophin, P46939; mouse β-spec-
trin, 448251; human filamin 1, AAA92644; human filamin 2, 4557597;
human filamin 3, AAC39842; C. elegans filamin, AAC69000; chicken
filamin, A49551; Dictyostelium discoideum ABP120, P13466.
Generation of Filamin antibodies
Antibodies to Drosophila Filamin were generated by cloning the
carboxy-terminal 810 amino acids into pGEX6P (Pharmacia). The
induced fusion protein was soluble and easily purified. The glutathione-
S-transferase (GST) moiety was cleaved using PreScission Protease
(Pharmacia). The resulting 90 kDa purified Filamin protein was used to
immunize rats, and antisera were screened for reactivity to the protein
using western immunoblot analysis. In addition, antisera were screened
on the basis of reactivity to wild-type but not to cher1 ovaries by
western immunoblot analysis and immunofluorescence staining.
Western analysis and immunofluorescence
Western analysis and preparation of ovaries for antibody staining were
performed as described by Robinson et al. [15]. Immunolocalizations
were visualized by collecting 1–2 µm optical sections on a BioRAD
MRC 1024 laser-scanning confocal microscope (Center for Cell
Imaging, Yale University) and the sections were compiled using the
LaserSharp software package (BioRAD). All images were collected
using a Zeiss 63× lens with a numerical aperture of 1.4. Images were
processed using Adobe Photoshop.
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